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We have cloned a member of the fork head/HNF-3 family of transcription factors from the nematode Caenorhabditis
elegans. Within the predicted DNA binding domain, this gene, called Ce-fkh-1, is 75±78% identical to the Drosophila
fork head and rat liver HNF-3 a, b, and g genes. Ce-fkh-1 mRNA is highly enriched in embryos. The Ce-fkh-1 gene
produces three major transcripts: the longest mRNA retains its original 5*-end but two shorter mRNAs are trans-spliced
at the beginning of exons 2 and 3, respectively. In situ hybridization and transgenic Ce-fkh-1: : lacZ reporter constructs
indicate that the Ce-fkh-1 gene is expressed in both pharynx and intestine of the embryo, beginning at the midproliferation
stage. A second phase of Ce-fkh-1 expression occurs in cells of the larval somatic gonad. The pharynx±gut expression of
Ce-fkh-1 in the C. elegans embryo is compared with expression of fork head throughout the gut of Drosophila embryos
and with expression of HNF-3 (abg) in the endoderm of mammalian embryos. Such conserved patterns of gene expression
point to universal features of gastrulation and of digestive tract formation. q 1996 Academic Press, Inc.
INTRODUCTION bryogenesis is signi®cantly different from and signi®cantly
simpler than embryogenesis in either insects or vertebrates.
Thus, to ®nd conserved gene expression patterns during C.Genes critical for early development in the Drosophila
elegans embryogenesis would make an even stronger caseembryo often have homologs expressed in apparently simi-
for universal processes in embryogenesis. Caenorhabditislar, possibly homologous, spatial domains in the embryos
elegans has a number of experimental advantages for suchof vertebrates. Homeotic cluster genes that in¯uence ante-
an undertaking: embryogenesis has been described com-rior±posterior regional identity provide perhaps the best
pletely at the level of individual cells (Sulston et al., 1983)studied examples (McGinnis and Krumlauf, 1992). Further
and the soon-to-be completed genomic sequence (Waterstonexamples could be noted, such as the chordin/short gastru-
and Sulston, 1995) should allow unambiguous identi®ca-lation and BMP-4/decapentaplegic genes involved in dor-
tion of candidate C. elegans homologs for any particularsal±ventral axis formation (Padgett et al., 1993; Harland,
insect or vertebrate gene.1994; Winnier et al., 1995; Schmidt et al., 1995; De Robertis
In the current paper, we identify a C. elegans homolog ofand Sasai, 1996). Such conserved gene expression patterns
the fork head gene of Drosophila and the original trio ofpoint to ancient conserved features of embryogenesis, even
HNF-3 (abg) genes of rodents. This set of genes has providedthough at the morphological level Drosophila and verte-
a further striking example of conserved developmentallybrate embryos differ profoundly.
important regulatory factors (reviewed by Lai et al., 1993).We are interested in determining where homologs of
The fork head gene is necessary for correct gut formationsuch genes are expressed in the early embryo of the nema-
in the Drosophila embryo (Weigel et al., 1989a,b) and thetode Caenorhabditis elegans. Caenorhabditis elegans em-
HNF-3 (abg) genes produce DNA binding factors involved
in transcriptional control of liver speci®c genes in adult
rodents (Lai et al., 1990). Comparisons between these genes1 To whom correspondence should be addressed. Fax: (403) 270-
0737. E-mail: jmcghee@acs.ucalgary.ca. (Weigel et al., 1989; Lai et al., 1991) revealed a high level
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of sequence conservation (85%), at least in regions that Library Screening
code for the DNA-binding domain (Clark et al., 1993). At The 279-bp PCR product corresponding to the Ce-fkh-1 gene (see
the time of the initial description, it appeared an attractive Results) was labeled with [a-32P]dCTP by random priming and used
possibility that fork head/HNF-3 genes might play a con- as probe to screen 5 1 104 pfu (®ve genome equivalents) of a C.
served role in the development of gut and endoderm-derived elegans genomic library (made in l-EMBL-4 and kindly provided
by Dr. C. Link, University of Denver) and 3.5 1 105 recombinanttissues (Lai et al., 1991). However, many other related genes
phages from a C. elegans mixed-stage cDNA library (prepared inhave now been identi®ed in a wide variety of organisms
lZAP and kindly provided by Dr. R. Barstead (Barstead and Wa-(summarized in Lai et al., 1993); expression of most of these
terston, 1989)). Filters were hybridized overnight at 687C in 51newer family members is neither limited to nor even en-
SSPE, 51Denhardt's, 0.6% SDS (Sambrook et al., 1989) containingriched in endoderm. Nonetheless, the subclass of these
106 cpm/ml of the denatured probe. Filters were washed for 20 mingenes most closely related to the original fork head/HNF-
in 11 SSPE, 0.6% SDS at 687C, followed by two 20-min washes in
3 (abg) genes do have endoderm as a major focus of their 0.11 SSPE, 0.6% SDS at 687C.
expression; this has been particularly well documented in
the early embryo of mammals (Sasaki and Hogan, 1993; Ang
Sequence Analysis and Database Searcheset al., 1993; Monaghan et al., 1993; Ang and Rossant, 1994;
Bidirectional nested deletions of the 2.2-kb Ce-fkh-1 cDNA cloneWeinstein et al., 1994). Expression of this subclass of genes
and of subclones of the Ce-fkh-1 gene were prepared using ExoIII-is also concentrated in axial structures of the vertebrate
mung bean nuclease (Henikoff, 1984). Both strands of each cloneembryo, such as the notochord and ¯oor plate, as well as
were sequenced using the Taq DyeDeoxy Terminator Cycle Se-in the organizing centers that are involved in this axis for-
quencing method (Applied Biosystems). Sequences were compiledmation (Knochel et al., 1992; Ruiz i Altaba and Jessell, 1992;
using the GCG programs (Devereux et al., 1984) and database
Dirksen and Jamrich, 1992; Sasaki and Hogan, 1993; Ang searches were performed at the NCBI using the BLAST network
et al., 1993; Monaghan et al., 1993; Bolce et al., 1993; service (Altschul et al., 1990).
Strahle et al., 1993; Ruiz i Altaba et al., 1993a,b, 1995; Ang
and Rossant, 1994; Weinstein et al., 1994).
RNA AnalysisWe now report the cloning and characterization of a C.
Total RNA was extracted from staged C. elegans populationselegans gene (named Ce-fkh-1) that is highly similar to the
(Wood, 1988) or from unfertilized oocytes (Stroeher et al., 1994)original Drosophila fork head gene and to the vertebrate
and poly-A/ RNA was isolated using the Micro-fast track procedureHNF-3 (abg) genes. We show that certain aspects of Ce-
from Invitrogen. For Northerns, 1 mg of poly-A/ RNA from eachfkh-1 expression in the C. elegans embryo do indeed appear
stage was electrophoresed on a 1% agarose, 1.1% formaldehyde,to be conserved between nematodes, insects, and verte-
11 MOPS gel as described in Sambrook et al. (1989) and ®lters
brates, in particular expression of these genes in the devel- were probed with the 2.2-kb Ce-fkh-1 cDNA labeled by random
oping digestive tract. priming. To estimate RNA loading levels, Northerns were also
probed with a plasmid encoding the ribosomal protein rp21 (Spieth
et al., 1991).
For primer extension reactions, oligonucleotides (indicated
schematically on Fig. 3A) were 5*-end-labeled with T4 poly-MATERIALS AND METHODS
nucleotide kinase (Sambrook et al., 1989) and 5 1 106 cpm was
added to 2 mg of poly-A/ RNA isolated from embryos; annealing
was at 55±607C for 1 hr, followed by extension (1 hr at 437C)cDNA Synthesis and PCR Ampli®cation
with reverse transcriptase according to the protocol provided by
the manufacturer (Gibco-BRL). Terminal deoxynucleotide trans-Caenorhabditis elegans cDNA was synthesized according to the
ferase tailing for the RACE-PCR procedure was also done follow-protocol supplied with the M-MLV reverse transcriptase (Gibco-
ing the provided protocol.BRL). The starting template was total RNA isolated from a mixed
In situ hybridization followed closely the procedure developedstage population of wild-type C. elegans. Degenerate PCR primers
by Seydoux and Fire (1994). Anti-sense and sense single-strandedwere synthesized corresponding to two conserved sequences in the
DNA probes were generated by unidirectional PCR, using as tem-fork head/HNF-3 DNA-binding domains, as aligned by Lai et al.
plate a Ce-fkh-1 cDNA clone that began at position 14 (see Fig. 1)(1991): amino acids 8±14 (upstream primer; 1024-fold degenerate;
and was truncated at position 2033 at the 3*-end in order to remove5*AC[ACGT]CA[CT]GC[ACGT]AA[AG]CC[ACGT]CC[ACGT]TA)
the poly-A tract. Sense probes did not produce any hybridizationand amino acids 94±100 (downstream primer; 128-fold degenerate;
signal above background levels; the hybridization signal obtained5*[AG]TA[AG]CA[ACGT]CC[AG]TT[TC]TC[AG]AACAT); C. ele-
with anti-sense probes was abolished when embryos were treatedgans cDNA synthesized from 0.25mg total RNA was mixed with each
with ribonuclease.primer (400 nM) in standard PCR buffer (Sambrook et al., 1989) and
ampli®ed for 40 cycles of 947C (1 min), 507C (1 min), and 727C (1 min).
PCR products of the expected size were gel isolated, inserted into a Construction of lacZ Fusions, Injections, and
modi®ed Bluescript vector designed for cloning PCR fragments (Ko- Worm Stainingvalic et al., 1991) (kindly provided by R. J. Winkfein, University of
Calgary) andsequenced on both strandsusingSequenase (UnitedStates Two restriction fragments (a 12-kb BamHI and 9.0-kb BamHI±
EcoRI fragment, both including 7 kb of Ce-fkh-1 upstream se-Biochemical Corporation).
Copyright q 1996 by Academic Press, Inc. All rights of reproduction in any form reserved.
AID DB 8298 / 6x11$$$281 08-21-96 00:36:51 dbas AP: Dev Bio
291C. elegans fork head/HNF-3 Homolog
quence) were isolated from C. elegans genomic cosmid F38A6 Important features of the Ce-fkh-1 cDNA sequence are
(kindly provided by A. Coulson, MRC, Cambridge) and subcloned as follows (see Fig. 1): transcription begins (nucleotide 1) at
in frame into the SmaI site of the lacZ vector pPD22 (Fire et al., an A residue in the middle of a C-rich region; a putative
1990). The two fusions were designated V3 and Y4, respectively, TATA box (TATCAA) is situated 26 base pairs upstream of
as indicated schematically on Fig. 3A. Plasmid DNA from the lacZ the transcription start site; an open reading frame of 1518
constructs and DNA from plasmid pRF4 encoding the dominant
nucleotides 506 amino acids includes the conserved DNAmarker rol-6 were coinjected into the distal gonad of C. elegans
binding domain and begins with an ATG codon (marked IN2 worms (Mello et al., 1991) and F2 Rollers were picked to individ-
on Fig. 1) at position 78 of the cDNA; the sequence immedi-ual plates to establish a number of independent transgenic lines.
ately upstream of this ATG matches reasonably well withEmbryos laid by Roller mothers were ®xed as described by Edgar
and McGhee (1986) and stained for b-galactosidase activity as de- a C. elegans translation initiation consensus sequence
scribed by Fire et al. (1990). To verify that mosaic loss of the trans- (Krause, 1995) and a stop codon lies a further three codons
forming array had no in¯uence on the staining results, an integrated upstream; two additional in-frame ATG codons (marked II
line was produced with one construct (Y4) using g-irradiation as and III) are used to initiate translation from alternatively
described by Way et al., (1991). spliced transcripts (see below); and, a poly-A addition signal
(AATAAA) is located 612 nucleotides downstream of the
predicted termination codon of Ce-fkh-1; the poly-A tail
is added 16±19 nucleotides downstream of this site, theRESULTS
uncertainty arising because of four A residues in the geno-
mic DNA.Cloning of a C. elegans Homolog of the Drosophila
fork head and Rat HNF-3 (a, b, g) Genes
Genomic Organization of the Ce-fkh-1 GeneOur aim was to isolate the C. elegans gene most closely
related to the Drosophila fork head gene (Weigel et al., The Ce-fkh-1-derived PCR product was used to probe a
genomic library prepared from wild-type C. elegans DNA.1989) and to the originally described trio of rat HNF-3 genes,
HNF-3a, HNF-3b, and HNF-3g (Lai et al., 1990, 1991). De- Twenty-four positive clones were isolated and all were
shown to be overlapping by PCR and restriction analysisgenerate oligonucleotides corresponding to conserved re-
gions in the fork head/HNF-3 DNA binding domain (see (data not shown). The genomic l-clones were used in ®n-
gerprinting analysis to assign the Ce-fkh-1 gene to the rightMaterials and Methods for details) were used as PCR prim-
ers to amplify related sequences from C. elegans mixed- side of chromosome V on the physical map of the C. elegans
genome (Coulson et al., 1986, 1988).stage cDNA. Two distinct PCR products, whose sequences
were clearly related to the fork head/HNF-3 genes, were The genomic sequence of Ce-fkh-1 (a total of 9904 bps
in which transcription begins at position 2145) has beenobtained. The ®rst PCR product (279 bp including primers)
forms the basis of the present paper and encoded an open deposited in Genbank (Accession No. U51163). Comparison
between the cDNA and genomic sequence allows the in-reading frame 80% identical to the DNA-binding domain
of the fork head and HNF-3 proteins (see below). The corre- tron±exon structure of the Ce-fkh-1 gene to be deduced: the
positions and sizes of the seven introns are indicated on thesponding gene has been named fkh-1, standing for fork
head±HNF-3 homolog; where necessary to specify the or- cDNA sequence shown in Fig. 1. Introns range in size from
58 to 2247 bps and all are bounded by typical C. elegansganism, the gene will be referred to as Ce-fkh-1. The se-
quence of the second PCR product matched exactly with a splice donor and splice acceptor sequences (Krause, 1995).
The predicted DNA binding domain of Ce-fkh-1 is inter-region of the lin-31 gene (Miller et al., 1993), a C. elegans
gene involved in vulval development; in the DNA-binding rupted by a 312-bp intron.
Genomic Southern blots were probed with the Ce-fkh-1domain, the amino acid sequence of the lin-31 gene is60%
identical to the fork head and HNF-3 proteins. cDNA and hybridized and washed under the high-strin-
gency conditions used to screen the genomic library; onlyThe PCR product corresponding to Ce-fkh-1 was used as
a probe to screen a C. elegans mixed-stage cDNA library bands corresponding to the Ce-fkh-1 gene were detected
(data not shown). The blots were also washed under condi-under high stringency conditions. Nine positive plaques
were detected and isolated from 350,000 clones screened. tions of reduced stringency (0.4 M Na/ and 557C, roughly
equivalent to a 407C decrease in Tm ) but no obvious candi-Partial sequence analysis demonstrated that (with the ex-
ception of one clone that appeared spurious) all clones could dates for Ce-fkh-1 related genes could be detected.
be arranged in a nested series included within the sequence
shown in Fig. 1. As will be described below, the Ce-fkh-1
Ce-fkh-1 mRNA Levels through Developmentgene gives rise to three major transcripts. The cDNA se-
quence shown on Fig. 1 is numbered from the 5*-end of the Poly-A/ RNA was isolated from different stages of C.
elegans development. A Northern blot was probed with alongest transcript, as determined by primer extension and
RACE-PCR. The longest cDNA clone obtained begins 10 close to full-length Ce-fkh-1 cDNA clone and the resulting
autoradiograph is shown in Fig. 2. Two major transcripts ofbase pairs downstream.
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gene. We now show that there are actually three major dis-
tinct species of Ce-fkh-1 mRNA, which differ in their pat-
tern of SL1 trans-splicing.
The structures of the three Ce-fkh-1 transcripts were ®rst
de®ned by primer extension; these structures were then
con®rmed by RT-PCR, followed by cloning and sequencing;
®nally, the structures were con®rmed by Northern analysis
using different probes. Figure 3A diagrams the overall struc-
ture of the Ce-fkh-1 gene, encompassing the region of the
genomic DNA that has been sequenced. The ®nal deduced
structures of the three major Ce-fkh-1 mature transcripts
(I, II, and III) are indicated; three oligonucleotides (BG38,
BG40, and BG42) used for primer extension and PCR are
shown at the bottom of Fig. 3A; probes (``a'' to ``d'') used in
Northern analysis are shown at the top of the ®gure.
First consider the shortest of the three transcripts (III on
Fig. 3A). End-labeled single-stranded oligonucleotide BG38
was annealed with poly-A/ RNA isolated from embryos and
extended with reverse transcriptase, and extension products
displayed on a sequencing gel. As shown in the left lane of
Fig. 3B, extension of BG38 produced two prominent prod-
ucts (labeled III and II to denote the respective transcripts).
The length of the shorter product (III) was 20±25 nucleo-
tides longer than would have been found if the extension
FIG. 2. Northern analysis of Ce-fkh-1 mRNA levels in different reaction had terminated at a position corresponding to the
stages of C. elegans development. Each lane contains 1 mg of poly- 5*-end of exon 3. This length discrepancy immediately sug-
A/ RNA. This particular ®lter was hybridized simultaneously with gested that transcript III was trans-spliced (Krause and
a probe made from the longest Ce-fkh-1 cDNA (Fig. 1) and from Hirsh, 1987), with the site of leader addition corresponding
the C. elegans rp21 ribosomal protein gene (Spieth et al., 1991). to the splice acceptor site of intron 2. To con®rm this, the
The migration of RNA size standards (in thousands of nucleotides)
primer extension products were subjected to PCR. BG38is indicated at the left.
was used as the downstream primer; the upstream primer
was an oligonucleotide corresponding to the 5*-most 18 nu-
cleotides of the 22-nucleotide long SL1 leader sequence. A
approximate sizes 2.0 and 2.2 kb hybridize at roughly the PCR product of the expected size was obtained (data not
same intensity to the Ce-fkh-1 cDNA probe. The highest shown) and cloned; the sequence was that expected, includ-
level of both Ce-fkh-1 transcripts is found in embryos. Low ing the four nucleotides at the 3*-end of SL1 that were not
levels of both transcripts can be detected in other stages part of the PCR primer. Thus, transcript III is produced by
(including oocytes) and this is substantiated by longer expo- the addition of a SL1 trans-spliced leader to the splice ac-
sures of the autoradiogram (not shown). The size of the ceptor site at the 3*-end of intron 2. When the PCR experi-
longer transcript corresponds reasonably closely to the size ment was repeated with a primer corresponding to SL2
expected for the cDNA sequence shown in Fig. 1 (and see rather than to SL1, no signi®cant products were obtained
below). (data not shown).
In the primer extension reaction with BG38 (left lane of
Structure of the Major Ce-fkh-1 Transcripts Fig. 3B), the length of the longer product (labeled II) could
not be measured accurately but corresponded approxi-The Northern blot shown in Fig. 2 reveals at least two
distinct mature mRNA species produced by the Ce-fkh-1 mately to the 5*-end of exon 2. Using the more appropriately
FIG. 1. Sequence of the longest Ce-fkh-1 transcript (upper case); 67 base pairs of 5*-¯anking sequence is shown in lower case. A candidate
TATAA element is indicated 26 nucleotides upstream of the site of transcription initiation (nucleotide No. 1). The amino acid sequence
of the longest open reading frame is shown, beginning at position 78 of the cDNA with the ATG translation initiation codon used by
transcript I. The ATG initiation codons used by the two trans-spliced transcripts (II and III; see text) are indicated at amino acids 65 and
96, respectively. The predicted DNA-binding domain (amino acid residues 226±335) is shaded. Positions (arrowheads) and sizes (base
pairs) of introns are indicated, as deduced from comparison of cDNA and genomic sequences. The predicted poly-A addition signal (shaded)
is at bp 2211±2216.
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FIG. 3. (A) Schematic view of the structure of the Ce-fkh-1 gene and Ce-fkh-1 transcripts. The top section of the ®gure depicts the 9.9
kb of genomic DNA that has been sequenced; size scale is given at the top. Exons are indicated by ®lled boxes; the DNA binding site is
cross-hatched; introns and ¯anking sequences are indicated by thin lines. The probes (``a''±``d'') used in the Northern analysis are indicated
at the top. The designations ``Y4'' and ``V3'' correspond to alternative sites of fusion to a lacZ reporter gene, as described in the text. The
asterisk in the ®nal intron indicates a minor site of poly-adenylation. In the bottom section of the ®gure, the structures of the three major
transcripts (I, II, and III) are aligned with the genomic map; transcripts II and III have a 22-nucleotide SL1 trans-spliced leader at their 5*-
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positioned oligonucleotide primer BG40 (middle lane of Fig. less prevalent, perhaps present at 5±10% of the overall level
of transcript II.3B), two prominent extension products were obtained: the
length of the shorter product (labeled II) could now be mea- There may be several additional minor transcripts pro-
duced by the Ce-fkh-1 gene. In the course of the above analy-sured accurately and was indeed 20±25 nucleotides longer
than if extension had terminated at the 5*-end of the second sis, we identi®ed one cDNA clone whose 3*-sequence corre-
sponded to the 5*-portion of intron 7, followed by a poly-Aexon. BG40 and the 18-mer SL1 sequence were used as prim-
ers in a PCR experiment as described in the previous para- tract; a canonical poly-A addition sequence could be identi-
®ed within the intron sequences 18 nucleotides upstream.graph. The appropriate-sized PCR product was obtained,
cloned, and sequenced, yielding the expected result: tran- A transcript with a 5*-end corresponding to transcript III
but with this truncated 3*-end would be roughly 1.4 kb long,script II is produced by the addition of a SL1 trans-spliced
leader to the splice acceptor site at the 3*-end of intron 1. and indeed a weak band of this size can be detected on
Northerns (asterisk in Fig. 3C). A similar 3*-truncated tran-Again, a primer corresponding to the SL2 leader did not
yield a signi®cant product. script but with the same 5*-end as transcript II would be
roughly 1.6 kb long and a weak band of this size can beThe longer product produced by extension with BG40
(labeled I on Fig. 3B, middle lane) was the size expected if seen on long exposure of Fig. 3C, middle lane (not shown).
However, such minor transcripts would at most correspondtermination occured close to the 5*-end of the longest
cDNA clone. This was con®rmed with the more appropri- to a few percent of the total population of Ce-fkh-1 tran-
scripts.ately placed primer BG42 (Fig. 3B, right lane), which pro-
duces one major primer extension product. The cDNA pro-
duced in this reaction was subjected to RACE-PCR as de- Features of the Ce-fkh-1 Proteinscribed under Materials and Methods; resulting products
were cloned and sequenced. The sequence of the longest The three major Ce-fkh-1 transcripts identi®ed in Fig. 3
would code for three polypeptides of molecular weight 55.4,such clone is that shown in Fig. 1. The length of the primer
extension product (right lane of Fig. 3B) corresponds pre- 48.1, and 45.1 kDa, designated CE-FKH-1 A, B, and C, corre-
sponding to transcripts I, II and III, respectively. As a prelim-cisely to the same initiation site.
Northern analysis with different probes (Fig. 3C) was used inary demonstration that the three predicted translation
products do indeed exist in the worm, Western blots wereto con®rm the structure of the three transcripts. Probe ``c''
(the full-length cDNA) would be predicted to anneal to all prepared using extracts from embryos of strains transformed
with a Ce-fkh-1::lacZ fusion construct (fusion V3, to bethree transcripts. As shown on the left lane of Fig. 3C, two
transcripts are clearly detected, corresponding to transcripts described in a subsequent section) and probed with antibod-
ies to b-galactosidase. Three distinct protein species wereIII and II. Transcript I is only slightly longer than transcript
II and, if in lower abundance, would not be expected to detected, whose sizes corresponded within experimental er-
ror to those predicted from Fig. 3 and the known size of b-be detected. Similar results were obtained with probe ``d,''
corresponding to the 3* most exon of all three transcripts galactosidase (data not shown).
The conserved DNA binding domain is common to all(data not shown). Probe ``b'' (second exon) would be pre-
dicted not to anneal to transcript III and this result is indeed three predicted polypeptides. When this sequence (or in-
deed, the entire sequence of Ce-fkh-1) is used to search theobtained (middle lane); probe ``b'' reveals transcript II as
expected but again a separate transcript I can not clearly be data bases, by far the best matches are with the original
Drosophila fork head and rodent HNF-3 (a, b, g) genes anddistinguished. Probe ``a'' (5*-most exon) would be predicted
to anneal only to transcript I and this is indeed the result with other members of this subclass, such as Xenopus XFD-
1/XFKH-1/pintallavis (Knochel et al., 1992; Dirksen andobtained (right lane). However, the band intensity is low,
probably due to a combination of short probe length and a Jamrich, 1992; Ruiz i Altaba and Jessell, 1992) and XFKH2
(Bolce et al., 1993) and the zebra ®sh axial gene (Strahle etlow abundance of this species.
The results of Fig. 3 provide a rough estimate of the rela- al., 1993). These alignments are shown in Fig. 4; 74±78%
of the amino acid residues in the CE-FKH-1 DNA bindingtive abundance of the three transcripts, although it is dif®-
cult to be precise because of different probe lengths and domain are identical to the corresponding residues in the
other DNA binding domains shown. Furthermore, the CE-speci®c activities. Transcripts II and III appear to be present
in roughly equal abundance. However, transcript I appears FKH-1 conserved domain contains (with one conservative
ends but transcript I does not. Translation initiation codons are indicated for each transcript. Positions of the three oligonucleotide primers
(BG38, BG40, and BG42) used to de®ne transcript structure by primer extension and PCR are indicated. Scale for cDNA is shown at the
bottom of the ®gure. (B) Primer extension on poly-A/ RNA isolated from embryos. Position of primers is indicated in (A). Interpretation
of the extension products is discussed in the text. (C) Northern analysis on 5 mg of poly-A/ RNA from embryos, using three different
probes. Probe sizes and positions are shown in (A). Interpretation of the annealing patterns is discussed in the text.
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FIG. 4. Amino acid sequence of the predicted Ce-fkh-1 DNA-binding domain (top, shown in bold), aligned with similar regions of the
Drosophila fork head gene (Weigel et al., 1989), rat HNF-3 a, b, and g genes (Lai et al., 1991), Xenopus XFD-1 gene (Knochel et al., 1992),
Xenopus XFKH2 gene (Bolce et al., 1993), zebra ®sh axial gene (Strahle et al., 1993), and C. elegans lin-31 gene (Miller et al., 1993).
Residues that match the sequence of Ce-fkh-1 are shaded. The percentage of positions in each sequence that match with the corresponding
position in Ce-fkh-1 is shown at the bottom right.
replacement) the three tetrapeptides suggested to be diag- databases with residues 65±95 (i.e., the region included in
polypeptide A and B but not C) and with residues 96±225nostic of this original class of fork head/HNF-3-related pro-
teins (residues 36±39, 51±54, and 75±78 in Fig. 4; Sasaki (i.e., the region upstream of the DNA-binding domain com-
mon to all three protein forms) but no striking matchesand Hogan, 1993).
The C. elegans gene that, to date, shows the closest se- were obtained. Likewise, searching the data bases with resi-
dues 336±506, the region downstream of the DNA-bindingquence relation to Ce-fkh-1 is lin-31, a gene involved in C.
elegans vulval induction (Miller et al., 1993). As shown domain, revealed no highly signi®cant matches with other
proteins, with one interesting exception that will be de-in Fig. 4, the DNA-binding domain of CE-FKH-1 is 57%
identical to that of LIN-31. Several other C. elegans fork scribed under Discussion.
In the original fork head/HNF-3 sequence alignments (Laihead/HNF-3 domain containing genes have now been iden-
ti®ed by the C. elegans genomic sequencing project (Wa- et al., 1991), two regions outside the DNA-binding domain
were also found to be conserved. These two sequencesterston and Sulston, 1995) but all show lower similarity to
Ce-fkh-1 than does lin-31. The C. elegans pes-1 gene (Hope, (called II and III) are located toward the C-terminus of all
four proteins and have been implicated in transcriptional1994) is even more highly diverged, matching Ce-fkh-1 at
only 25±45% of residues in the DNA-binding domain (the activation (Pani et al., 1992). A possible sequence III candi-
date can be identi®ed at the C-terminus of the CE-FKH-1exact match depending on how gaps are introduced into the
alignment); pes-1 is expressed in several embryonic lineages protein (residues 489±502); the similarity is 40±60% when
aligned with the HNF-3 genes but less than 30% whenbut not in the gut.
An interesting possibility is that the three different CE- aligned with fork head.
FKH-1 polypeptides have different properties and different
Expression of the Ce-fkh-1 Gene duringbiological functions. For example, residues 1±64 appear in
Developmentpolypeptide A but not in B and C. This region is by far the
most acidic of the entire molecule; between residue 1 and A combination of in situ hybridization (Seydoux and Fire,
1994) and transformation with a Ce-fkh-1 : :lacZ reporterresidue 48, 16 amino acids are acidic. We also searched the
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gene (Fire et al., 1990) was used to determine where and majority of the pharyngeal cells appear to express the
Ce-fkh-1: : lacZ fusion.when the Ce-fkh-1 gene is expressed in the C. elegans em-
bryo. The two techniques complement each others' limita- It becomes progressively more dif®cult to follow
Ce-fkh-1 expression by in situ hybridization as the embryostions: on the one hand, in situ hybridization re¯ects the
distribution of endogenous transcripts but provides limited develop and become encased in cuticle (Seydoux and Fire,
1994). However, b-galactosidase activity clearly decreasesspatial resolution in the small C. elegans embryo; on the
other hand, the use of a Ce-fkh-1: : lacZ reporter provides after hatching and, by late larval stages, pharynx/intestinal
staining has almost completely disappeared. This decline iscellular resolution in the embryo as well as higher sensitiv-
ity but relies on the correct expression of a fusion gene consistent with the Northern analysis (Fig. 2 above), which
shows substantially higher Ce-fkh-1 transcript levels in em-introduced by transformation. In the present case, as will
be described below, both techniques indicate that bryos than in other stages. However, as shown in Fig. 6,
there is a distinct later phase of Ce-fkh-1 expression in L3/Ce-fkh-1 is expressed in the embryonic gut and embryonic
pharynx. However, the relative expression levels in the gut L4 larvae, in cells of the developing somatic gonad. The
precise identity of these cells and the implications for gonadand pharynx appear weighted differently by the two tech-
niques. development will be described elsewhere.
The left column of Fig. 5 shows results from in situ hy-
bridization using a Ce-fkh-1 cDNA probe and wild-type em-
bryos of different ages. Hybridization signal is ®rst detected DISCUSSION
when the embryo is in mid-morphogenesis stage, consisting
of several hundred cells (Fig. 5a); hybridization is in both The C. elegans Ce-fkh-1 gene is closely related in its pre-
dicted DNA binding domain to the Drosophila fork headthe gut and the pharynx, i.e., along the entire internal axis
of the embryo. (Cell identities are provided more precisely and rodent HNF-3 a, b, and g genes. It seems reasonable to
assume that Ce-fkh-1 functions as a transcription factor inby the lacZ fusion genes described in the following para-
graph.) The embryo shown in Fig. 5a shows approximately some aspect of embryonic gut and pharynx development
(and in development of the somatic gonad) but until a Ce-equal hybridization intensity in gut and in pharynx. How-
ever, a more typical result is shown in the embryos of Figs. fkh-1 mutant becomes available, this assumption will re-
main untested. Ce-fkh-1 mRNA is highly enriched in em-5b and 5c, in which the hybridization signal in the pharynx
is considerably stronger than in the gut. (Embryo orienta- bryos and comprises three distinct transcripts (ignoring
several possible trace transcripts). There are numerous prec-tion could be determined unambiguously by costaining
with DAPI (not shown) or by costaining for the activity edents for different forms of transcription factors being pro-
duced by differential splicing (Lopez, 1995). Also, multipleof the gut-speci®c ges-1 esterase (Fig. 5c, arrow; Edgar and
McGhee, 1986)). In comma to 1.5-fold stage embryos (Figs. transcripts have been observed with fork head/HNF-3 fam-
ily genes (Ruiz i Altaba et al., 1993; Philippe, 1995) and the5d and 5e), Ce-fkh-1 hybridization is largely con®ned to
the pharynx and hybridization to the gut has decreased to C. elegans pes-1 gene has been shown to be differentially
trans-spliced, much like Ce-fkh-1 (Hope, 1994).background levels. A spot of hybridization can often be seen
in the tail region (Fig. 5d, arrow). We do not yet know whether the three Ce-fkh-1 tran-
scripts are differentially expressed, either spatially or tem-Expression of Ce-fkh-1 was also examined by fusing ap-
proximately 7 kb of the Ce-fkh-1 5*-¯anking DNA plus part porally. One model for Ce-fkh-1 expression is that the three
Ce-fkh-1 transcripts derive from three separate promoters.of the Ce-fkh-1 coding sequence to the reporter gene lacZ,
using the pPD22 vector as described by Fire et al. (1990). The simplest alternative model is that Ce-fkh-1 has only
one promoter, which directs the production of all three tran-The point of fusion (labeled as V3 on Fig. 3A) should re¯ect
all three major Ce-fkh-1 transcripts. Typical b-galactosidase scripts; the different transcript forms would then be pro-
duced posttranscriptionally by differential trans-splicing.staining patterns of the transformed embryos are shown in
the right column of Fig. 5. Expression ®rst appears at the However, this second model is inconsistent with the sug-
gestion that the signal for trans-splicing is the presence of8E cell stage (occasionally at the 4E cell stage) and almost
exclusively in the gut (Figs. 5f and 5g). However, at the an ``outron,'' with a 3*-splice acceptor site situated farther
upstream than the ®rst 5*-splice donor sequence (Blumen-comma to 1.5-fold stage (Figs. 5h and 5i), there is strong b-
galactosidase activity in both the gut and the pharynx (the thal, 1995).
The combination of in situ hybridization and Ce-fkh-embryo in Fig. 5i is costained for gut-speci®c ges-1 activity,
as indicated by the arrow). In later embryos (Fig. 5j), it can 1:: lacZ transgenic reporters indicates that Ce-fkh-1 is ex-
pressed in both the embryonic pharynx and the embryonicbe seen clearly that both anterior (i.e., ABa derived) and
posterior (i.e., MS derived) parts of the pharynx express the gut. However, the two methods give different weights to
each expression pattern: in situ hybridization detects moreCe-fkh-1 reporter. As far as can be detected, all cells of the
intestine express the reporter gene with equal intensity. The Ce-fkh-1 transcripts in the pharynx than in the gut, whereas
the Ce-fkh-1 :: lacZ fusions are expressed in both gut andexpressing cells in the pharynx have not yet been identi®ed
precisely but, judging from the number of stained nuclei, a pharynx, if anything favoring the gut. In principle, these
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differences could re¯ect bona ®de posttranscriptional con- visaged by Noll (1993), in which different protein domains
are assembled in different combinations to form overlap-trols naturally associated with the endogenous Ce-fkh-1
gene. However, until anti-CE-FKH-1 antibodies become ping families of regulatory molecules.
available, it is dif®cult to rule out the possibility that the
observed differences re¯ect features of the lacZ reporter
Comparison of Ce-fkh-1 and Drosophila fork headgene, such as retarded processing (see Seydoux and Fire,
Expression Patterns1994) or b-galactosidase perdurance.
Both anterior and posterior sections of the pharynx ex- Weigel et al. (1989a,b) have determined the distribution
of both fork head transcripts and fork head protein in Dro-press Ce-fkh-1 and, judging from the tail dot that can occa-
sionally be seen by in situ hybridization (see Fig. 5d), cells sophila embryos. They report that fork head is expressed in
all components of the embryonic gut, the foregut and hindin the rectum may express Ce-fkh-1 as well. If this is
the case, then all four major sections of the embryonic diges- gut, and the anterior and posterior midgut as well as in yolk
nuclei. Both levels and timing of fork head expression differtive tract express Ce-fkh-1. This expression pattern shows
intriguing similiarities to that of wild-type and mutated in the different gut components and fork head mutations
affect the different sections in different ways, causing home-ges-1 genes (Fukushige et al., 1996) and raises the possibility
of common control mechanisms. otic transformations in the foregut and hind gut and degen-
eration in the midgut. Furthermore, the insect gut and the
nematode digestive tract develop in such different fashionsIs Ce-fkh-1 the Ortholog of Drosophila fork head/ that it is not clear how seriously to take putative homolo-
Vertebrate HNF-3 (abg) Genes? gies, such as matching the C. elegans pharynx with the
Drosophila foregut-stomodaeum. Nonetheless, expressionThere are now close to one-hundred fork head/HNF-3-
related entries in the sequence data bases. However, judging of fork head in the embryonic Drosophila digestive tract
and expression of Ce-fkh-1 in the embryonic C. elegansfrom the high degree of sequence conservation in the DNA-
binding domain, the Ce-fkh-1 gene clearly belongs to the digestive tract appear to provide a further striking example
of conserved gene expression patterns.original subgroup de®ned by Drosophila fork head and ro-
dent HNF-3 (abg) genes, i.e., Class I of Sasaki and Hogan Besides this common focus of expression in the embry-
onic digestive tract, other aspects of the expression patterns(1993) or Group A of Clevidence et al. (1993). Our attempts
to identify other closely related genes by low-stringency clearly differ; for example, fork head is expressed in salivary
glands and in some cells of the central nervous systemhybridization, using either a Ce-fkh-1 probe or a mouse
HNF-3b probe (data not shown), have not been successful. (Weigel et al., 1989a,b), whereas Ce-fkh-1, as shown in Fig.
6, is expressed in cells of the developing somatic gonad.At the present moment, close to half of the C. elegans ge-
nome has been sequenced (Waterston and Sulston, 1995)
but no second gene more closely related to Ce-fkh-1 than
Comparison of Ce-fkh-1 and Vertebrate HNF-3lin-31 has yet been identi®ed. Although these observations
(abg) Expression Patternssupport our contention that Ce-fkh-1 may be the ortholog
of the founding class of genes in the fork head/HNF-3 fam- Rodents and frogs (and presumably other vertebrates as
well) appear to have a small number (3±6 or so) of forkily, the impending completion of the C. elegans genomic
sequence (Waterston and Sulston, 1995) should decide the head/HNF-3 (a, b, g) genes that belong to the same highly
conserved subfamily as Ce-fkh-1. As will be discussed be-truth of this claim.
No highly signi®cant similarities were uncovered by low, expression patterns of these different genes overlap
extensively within one species, suggesting that individualsearching the databases with Ce-fkh-1 sequences outside of
the DNA-binding domain, with one interesting exception. genes may not have radically different functions but rather
may have evolved for re®nement and optimization. Hence,The CE-FKH-1 amino acid sequence from residues 442 to
495 matches at 43/54 positions (79%) with a ``distal-less'' it is unlikely that Ce-fkh-1 can be (or should be) identi®ed
with only one member of this set of vertebrate genes andopen reading frame identi®ed in the C. elegans genome se-
quencing project. The distal-less gene contains a homeodo- it would seem appropriate to compare, if only loosely, the
pattern of Ce-fkh-1 expression with the sum of the expres-main, not a fork head/HNF-3 domain. Thus, this C. elegans
gene could represent an example of the gene networks en- sion patterns of the individual vertebrate genes. The fork
FIG. 5. Expression pattern of the Ce-fkh-1 gene in C. elegans embryos. Left column (a±e) shows results from in situ hybridization; right
column (f± j) shows b-galactosidase staining of embryos transformed with Ce-fkh-1 ::lacZ fusion V3 as discussed in the text. The reddish-
brown staining indicated by the arrows in (c) and (i) results from counterstaining for endogenous ges-1 esterase activity (Edgar and McGhee,
1986). Arrow in (d) indicates weak hybridization in the embryonic tail. More detailed discussion of the expression patterns is given in
the text.
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Expression of HNF-3 (a, b, g) genes in early embryonic
endoderm has been particularly well described in mice (Sa-
saki and Hogan, 1993; Ang et al., 1993; Monaghan et al.,
1993; Ang and Rossant, 1994; Weinstein et al., 1994). All
three of these genes are expressed in the early de®nitive
endoderm, although individual genes show differences in
timing, level, and region of expression. Thus, as in the case
with Drosophila fork head, there appears to be an impres-
sive level of conservation of expression pattern between Ce-
fkh-1 and HNF-3 (a, b, g) genes in the embryonic endoderm
and digestive tract.
Does the expression pattern of Ce-fkh-1 have anything
in common with the second domain of HNF-3 (a, b, g)
expression in axial structures like the notochord? We sug-
gest that it may and we illustrate the comparison with the
three Xenopus fork head/HNF-3 (a, b, g) genes that are
most closely related to Ce-fkh-1. XFD-1 (Knochel et al.,
1992) (either the same as or highly similar to XFKH-1 (Dirk-
sen and Jamrich, 1992) and pintallavis (Ruiz i Altaba and
Jessell, 1992)) is expressed in the region of the dorsal lip or
Spemann organizer and later within the notochord and neu-
ral ¯oor plate; pintallavis expression has also been detected
in midline endoderm cells (Ruiz i Altaba and Jessell, 1992).
XFKH2 is expressed, ®rst in the marginal zone and then
later in the notochord, foregut, and ¯oorplate (Bolce et al.,
1993). Xenopus HNF-3b (not shown in Fig. 4 but 77% iden-
tical to Ce-fkh-1 in the DNA-binding domain) is expressed
in the dorsal lip of the blastopore, pharyngeal endoderm,
and ¯oor plate (Ruiz i Altaba et al., 1993). For all three
genes, expression in the ¯oor plate can be abolished by exo-
gastrulation, suggesting that this expression domain is in-
duced by the underlying chordamesoderm.
Figure 7A represents a late gastrula stage Xenopus embryo
emphasizing the endoderm and notochord, two major ex-
pression domains of these genes. Figure 7B depicts a 28-cell
C. elegans embryo at the beginning of gastrulation. Gastru-
lation in C. elegans is much simpler than it is in either
insects or vertebrates and involves only a handful of cells
migrating into the interior of an embryo, beginning whenFIG. 6. Postembryonic expression of Ce-fkh-1 in the somatic go-
the embryo has a few dozen cells and ending when it has anad. (a) Collection of L3/L4 larvae transformed with Ce-fkh-1:: lacZ
fusion Y4 (see Fig. 4A) and stained for b-galactosidase activity. few hundred cells (Sulston et al., 1983). The C. elegans
At this stage, pharynx and gut expression is weak and strongest embryo in Fig. 7B has been oriented to bring the ingressing
expression is in cells of the developing somatic gonad. Identical endoderm cells (Ea and Ep) into the same relative orienta-
results were obtained with strains transformed with reporter con- tion as that of the involuting endoderm of the frog embryo
struct V3 (data not shown) (b) Higher magni®cation of somatic shown in Fig. 7A. (This automatically reverses the dorsal±
gonad staining; site of vulva is indicated by arrow. ventral axis in nematodes relative to chordates, a suggestion
that has been proposed for Drosophila (see, for example, De
Robertis and Sasai, 1996).) We wish to point out that the
MSaa and MSpa cells, which will migrate into the embryohead/HNF-3 (a, b, g) genes of vertebrates have two primary
domains of expression in early embryos: the ®rst domain is interior to produce the posterior pharynx and whose descen-
dants will express the Ce-fkh-1 gene, are in the same posi-in endoderm and the second domain is in axial structures
such as the notochord and ¯oor plate (as well as in the tion relative to the involuting/ingressing endoderm as are
the cells that give rise to the fork head/HNF-3-expressingembryonic regions such as the dorsal lip or node that orga-
nize these axial structures). We suggest that the pharynx/ axial structures like the notochord in frog embryos. The
implication is that the relative spatial arrangements of thegut expression of Ce-fkh-1 may have features in common
with both of these domains of expression. primary features of gastrulating embryos may have been
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